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Protein kinases play an important role in the regula-

tion of most cellular processes. As such, they are

recognized as a major group of targets for therapeutic

drug development. Over 500 protein kinases that have

been identified in human cells [1] can be divided into

two major classes that catalyze phosphorylation of

either serine and threonine, or tyrosine residues [2–4].

Their catalytic domains vary in length from 250 to 300

amino acids and contain conserved sequences respon-

sible for ATP and peptide binding, and for phosphoryl

transfer. Crystal structures of protein-serine ⁄ threonine
and protein-tyrosine kinases solved in the presence of

bound substrates have shown the requirement for a

specific conformation of ATP and bound bivalent cat-

ion(s) [2,3,5,6]. Many structures show at least one

metal ion bound in the active site in the presence of

ATP, whereas a second site is occupied in some cases.

This metal ion is important to the catalytic mechanism

of the enzyme, and all kinases contain a conserved

motif, called ‘the DFG loop’, for the purpose of bind-

ing and positioning metal ions. The kinase domain of

known eukaryotic protein kinases (ePKs) contains sev-

eral conserved subdomains in addition to the DFG

loop. The nucleotide-binding loop or ‘P-loop’, typically

with the sequence GXGXXG, interacts with and ori-

ents the triphosphate moiety of the ATP. The catalytic
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The highly conserved, atypical RIO serine protein kinases are found in all

organisms, from archaea to man. In yeast, the kinase activity of Rio2 is

necessary for the final processing step of maturing the 18S ribosomal

rRNA. We have previously shown that the Rio2 protein from Archaeo-

globus fulgidus contains both a small kinase domain and an N-terminal

winged helix domain. Previously solved structures using crystals soaked in

nucleotides and Mg2+ or Mn2+ showed bound nucleotide but no ordered

metal ions, leading us to the conclusion that they did not represent an act-

ive conformation of the enzyme. To determine the functional form of

Rio2, we crystallized it after incubation with ATP or ADP and Mn2+.

Co-crystal structures of Rio2–ATP–Mn and Rio2–ADP–Mn were solved at

1.84 and 1.75 Å resolution, respectively. The c-phosphate of ATP is firmly

positioned in a manner clearly distinct from its location in canonical serine

kinases. Comparison of the Rio2–ATP–Mn complex with the Rio2 struc-

ture with no added nucleotides and with the ADP complex indicates that a

flexible portion of the Rio2 molecule becomes ordered through direct inter-

action between His126 and the c-phosphate oxygen of ATP. Phosphopep-

tide mapping of the autophosphorylation site of Rio2 identified Ser128,

within the flexible loop and directly adjacent to the part that becomes

ordered in response to ATP, as the target. These results give us further

information about the nature of the active site of Rio2 kinase and suggest

a mechanism of regulation of its enzymatic activity.

Abbreviations

AfRio2, Rio2 from Archaeoglobus fulgidus; AMPPNP, 5¢-adenylyl imidodiphosphate; ePK, eukaryotic protein kinase; PKA, cAMP-dependent

protein kinase.
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loop contains conserved Asn and Asp residues which

are important for catalysis and metal binding and sep-

arated by three amino-acid residues. In addition to the

loops that interact with the ATP molecule, canonical

ePKs contain a loop known as the activation loop

or subdomain VIII [1]. This subdomain is known

to modulate the activity of some kinases through

conformational changes on phosphorylation at a site

within this loop. In addition, structural analysis of kin-

ases bound to peptide substrates or substrate mimetics

has shown that this loop plays a role in binding and

recognition of the substrate. Subdomains IX and X of

the catalytic domain of ePKs have also been shown to

interact with peptide. These subdomains are highly

conserved among ePKs that phosphorylate serine,

threonine as well as tyrosine residues [1,4].

The RIO protein family is a group of serine protein

kinases absolutely required for ribosome biogenesis in

eukaryotes. They are classified as atypical protein kin-

ases based on their lack of significant sequence homol-

ogy to ePKs [7]. The RIO kinases can be divided into

three subfamilies that share homology in the conserved

RIO domain. Representatives of two of the sub-

families, Rio1 and Rio2, are universally present in

organisms from archaea to man, suggesting a funda-

mental role in the cell [8,9]. Yeast Rio1 and Rio2 are

essential gene products shown to have serine kinase

activity in vitro; the presence of catalytically required

residues is necessary for in vivo function [8–11]. A third

subfamily, named Rio3, has been found thus far only

in multicellular eukaryotes. Each subfamily contains

distinct subfamily-specific conserved residues within

the catalytic domain, and the Rio2 and Rio3 contain

additional domains N-terminal to the RIO domain,

unique in each subfamily.

Ribosomal RNA processing occurs in eukaryotic cells

through a complex, stepwise process [12]. Studies in

yeast have indicated that processing of 20S pre-rRNA

to the 18S rRNA of the small ribosomal subunit abso-

lutely requires both Rio1 and Rio2 [9,11,13]. Yeast Rio2

has also been found through tandem affinity purification

studies to be associated with many factors involved in

ribosome biogenesis and cell proliferation [13–15].

Reports have indicated that Rio2 enzymatic activity

is necessary for cleavage of 20S pre-rRNA [8]. Rio2

proteins are functionally distinct from Rio1 proteins

and do not complement their activity despite significant

sequence similarity (� 43% in yeast) [16]. However, the

precise molecular function of Rio2, or the mechanism

that distinguishes it from Rio1, is at present unknown.

Our previously solved crystal structures of Rio2

from Archaeoglobus fulgidus, a hyperthermophilic

archaeal organism, have revealed the structure of the

RIO kinase domain and the winged-helix fold of the

Rio2-specific N-terminal domain [17]. Despite the lack

of significant sequence similarity to ePKs, the RIO kin-

ase domain resembles a trimmed version of an ePK

catalytic domain. The Rio2 catalytic domain contains

all the structural features required for catalysis in ePKs

but neither the activation (subdomain VII; APE) loop

nor subdomains IX and X. Our previously reported

structures from crystals soaked in ATP or 5¢-adenylyl
imidodiphosphate (AMPPNP) and MnCl2 showed the

presence of a nucleotide bound in the nucleotide-

binding pocket, but no metal ions [17]. As all kinases

require one or more bivalent cations for catalysis, our

interpretation was that these structures represented

inactive forms of Rio2. We hypothesized that, within

the constraints of the crystal lattice, Rio2 was unable

to undergo the movement needed to bind ATP and

Mn2+ ions in a catalytically relevant conformation. To

test this hypothesis, we solved the structures of Rio2

from crystals grown in the presence of ATP or ADP

and MnCl2. In the structures presented here, two metal

ions are found in the active site with bound ATP, and

one metal ion is seen in the presence of ADP. Align-

ments with the previously solved structures of inactive

Rio2 show significant movement within the kinase

domain as well as ordering of several residues to

accommodate and bind the c-phosphate. We believe

that these new structures represent the biologically rele-

vant conformation of the Rio2 protein assumed upon

ATP and ADP binding. We have also mapped the

location of the autophosphorylation site in Rio2 to the

disordered loop of the Rio2 kinase domain, where it

might play a role in regulation of Rio2 kinase activity.

Results

Structure determination

Full-length Rio2 from A. fulgidus (AfRio2) was

expressed in Escherichia coli and purified as described

previously [17]. The enzyme was crystallized in the

presence of MnCl2 and either ATP alone, or ADP and

phosphoserine. Crystals of both the ATP and ADP

complexes were isomorphous and belonged to the

space group C2, with one molecule per asymmetric

unit. Diffraction extending to resolution exceeding

1.85 Å could be measured on a synchrotron source.

Both structures were solved by molecular replacement

using the previously determined structure of apo-

AfRio2. Data collection and crystallographic refine-

ment statistics are summarized in Table 1.

Rio2 proteins contain two domains, the N-terminal

Rio2-specific winged helix domain and the RIO kinase
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domain (Fig. 1A). The RIO domain is structurally

homologous to known protein kinase domains, which

contain two lobes connected by a flexible linker. ATP

and its analogs bind between the two lobes and, in

most cases, the presence of a ligand results in a move-

ment of one lobe relative to the other. This is seen in

structures of Rio2 as well, and the largest movement

of the N-lobe relative to the C-lobe is seen in the

Rio2–ATP–Mn complex reported here (Fig. 1B). In

the previously solved structures of Rio2, residues 125

through 141 (between b3 and aC) were disordered. In

the structure of Rio2 bound to ATP and Mn, residues

125–127 are ordered and clearly seen in the electron

density.

Binding of ATP and ADP to Rio2

Our previous structures of Rio2 solved from crystals

soaked in solutions containing Mn2+ and ATP or

Table 1. Data collection and refinement statistics for the ATP–Mn-

bound and ADP–Mn-bound Rio2. Crystal data: space group C2.

ATP–Mn2+ ADP–Mn2+

a (Å) 116.86 116.33

b (Å) 44.37 44.59

c (Å) 62.79 62.63

b (�) 94.01 93.88

Resolution (Å) 30–1.84 30–1.75

Rsym(last shell) 0.035 (0.114) 0.035 (0.125)

Reflections 25770 (1333) 30487 (1622)

Redundancy 3.9 (3.8) 3.9 (3.7)

Completeness (%) 96.3 (68.2) 98.5 (87.3)

R ⁄Rfree (%) 16.6 ⁄ 21.1 18.7 ⁄ 21.9

(Last shell) (18.3 ⁄ 24.4) (21.6 ⁄ 23.5)

Mean B factor (Å2) 21.5 24.8

Waters 355 290

RMS deviations

Lengths (Å) 0.021 0.012

Angles (�) 1.83 1.32

A B

Fig. 1. Structure of Rio2 bound to ATP. (A) Structure of Rio2–ATP–Mn complex showing the winged helix domain (a1 to bb) and the RIO kin-

ase domain (aR to aI) containing the N-lobe and C-lobe and the flexible disordered loop (dashed). The ATP molecule is shown in blue stick

representation with the Mn2+ ions drawn as small spheres. (B) Trace representation of Rio2 in the presence of ATP (green), aligned on apo-

Rio2 using the C-lobe of the kinase domain, shows a slight movement of part of the N-lobe resulting in an opening of the active site com-

pared with the apo structure (cyan; PDB code 1TQI). The arrows indicate movement of the nucleotide-binding loop and the ordered portion

of the flexible loop.

Nucleotide–metal ion complexes of Rio2 N. LaRonde-LeBlanc et al.
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AMPPNP showed no metal binding in the active

site, and no direct contacts between the c-phosphate
and protein residues. Thus, we hypothesized that the

conformation observed in these structures represented

an inactive form of Rio2. In the structures presented

here, bound Mn2+ is clearly seen in the active site

(Fig. 2). In the ATP structure, two metal ions (Mn1

and Mn2) are clearly visible, whereas in the ADP

structure only one metal ion (Mn1) can be seen

(Fig. 2). As shown in Fig. 2, the two metal ions in

the ATP structure are coordinated by one phosphate

oxygen from each of the three phosphate groups of

ATP, by two of the conserved catalytic residues

(Asn223 and Asp235), by an RIO domain-specific

conserved Glu103, as well as by an ordered phos-

phate from the crystallization buffer. Water mole-

cules complete the coordination spheres of both

metal ions. The c-phosphate is held in place through

coordination with one of the metal ions (Mn2, bond

length 2.14 Å) and interactions with His122, His126,

and Lys120 (bond lengths 3.09, 2.62, and 2.72 Å,

respectively). The latter residue is the conserved

lysine present in all protein kinases, His122 is highly

conserved in Rio2 proteins, and His126 is replaced

by an arginine in most Rio2 proteins other than

AfRio2. This substitution correlates with the identity

of the preceding residue, which is a valine in AfRio2

but a leucine in all Rio2 proteins that contain Arg

at the His126 position.

Lys120 also forms a 2.68-Å hydrogen bond with the

a-phosphate of ATP, in addition to its interaction with

the c-phosphate. The a-phosphate position is also

coordinated via a 2.27 Å bond to Mn1. Ser104, con-

served in Rio2 proteins and located in the nucleotide-

binding loop, forms a 2.69 Å hydrogen bond with the

b-phosphate, contributing to the opening of the active

site relative to the apo structure. The b-phosphate is

also held firmly in place through coordination with

both Mn1 and Mn2 (bond lengths 2.32 and 2.33 Å,

respectively). The ordered phosphate ion from the

buffer is hydrogen-bonded to the catalytic Asp218

(2.44 Å) and is within 2.32 Å of both metal ions.

Rio2 binds ATP in a different conformation from

typical serine ⁄ threonine or tyrosine kinases such as

Fig. 2. Active site of Rio2 with ATP and

ADP and metal ions. (A) Omit map of the

interior cavity of the active site of Rio2

contoured at 3r. The Fo–Fc map was calcu-

lated using a refined model that contained

no nucleotide or metal ions, with data

collected from the Rio2–ATP–Mn cocrystal.

Hydrogen bonds are shown as dashed red

lines (distance < 3.2 Å). Coordinate bonds

are shown as dashed black lines. (B) An

analogous representation for the Rio2–ADP–

Mn dataset. The coordinates of the nucleo-

tides resulting from the final refinements

are superimposed on the maps in (A) and

(B). Water molecules are represented by red

spheres, and density attributed to weak

phosphoserine binding is indicated by an

asterisk in (B).

N. LaRonde-LeBlanc et al. Nucleotide–metal ion complexes of Rio2
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cAMP-dependent protein kinase (PKA) and insulin

receptor tyrosine kinase (Fig. 3) [18,19]. In particular,

the position of the c-phosphate is significantly shifted

relative to the position of the metal ions and the cata-

lytic residues. This is highlighted by the absence in

Rio2 of the equivalent of PKA Lys168, which contacts

one of the phosphate oxygens of the c-phosphate in

these kinases [18]. This lysine is conserved in most ser-

ine ⁄ threonine ePKs, but not in the tyrosine kinases [1].

In AfRio2, this residue is replaced by Ser220, and is

either Ser or Asp in other Rio2 proteins. Ser220 con-

tacts the backbone amide of conserved Tyr222. As

Tyr222 is not involved in the stabilization of the 3D

structure of the kinase domain, we believe that this

residue is conserved for the purpose of providing sub-

strate recognition. Therefore, Ser220 may be important

for keeping this residue in a functional conformation.

Another factor that influences the positioning of the

c-phosphate is the interaction of conserved Ser104 with

one of the phosphate oxygens of the b-phosphate. This
interaction would prevent the positioning of the phos-

phates in the Rio2 protein in the conformation

observed in the other kinases. Several direct contacts

are made with the c-phosphate by residues in Rio2 to

hold it firmly in that position (Fig. 2).

Conformation changes upon the binding

of ATP by Rio2

Comparison of the previously determined structure of

the presumably nonfunctional Rio2–AMPPNP com-

plex and the structure of Rio2–ATP–Mn complex

presented here indicated a range of conformational

changes required for productive nucleotide binding.

Although the adenosine ring of AMPPNP was able to

bind in the ATP-binding pocket of Rio2 when the

nucleotide was soaked into the crystals, binding of the

c-phosphate and metal ions required repositioning of

several residues and led to movement of the nucleotide-

binding loop (Fig. 3). The c-phosphate binds in a

pocket that is not present in the AMPPNP structure,

suggesting that a conformational movement is required

to allow the phosphate to create and enter the pocket.

The c-phosphate is sealed in the pocket by interactions

with Glu103 and with two histidine residues. One of

them, His126, belongs to the previously described dis-

ordered loop of the enzyme, indicating that this part

of the structure becomes ordered as a consequence of

proper ATP binding. The catalytically important

Asn223 changes conformation in order to bind the

metal ion, and Lys120 moves to contact phosphate

oxygens from both the a-phosphate and c-phosphate.
The resulting overall movement of the N-lobe of Rio2

relative to the C-lobe creates a more open active site.

This opening of the active site is in sharp contrast with

many reported structures of protein kinase–ATP com-

plexes. In general, such structures show a closing of the

active site upon binding to ATP. This difference may

be a direct result of the altered binding conformation

of ATP in the Rio2 active site compared with ePKs.

The binding of the c-phosphate much deeper under-

neath the nucleotide-binding loop results in shifting of

the loop further away from the center of the active site.

Comparison of the ATP–Rio2 and ADP–Rio2

reveals gated binding of the c-phosphate

The crystals used to solve the structure of Rio2 in

complex with ADP and Mn2+ were obtained from

cocrystallization of Rio2 with ADP, MnCl2, and phos-

Fig. 3. ATP conformation is unique in Rio2. Alignment of the catalytic loop and the metal-binding loop of Rio2 (green) with that of PKA (pink;

PDB code 1ATP) and insulin receptor tyrosine kinase (yellow; PDB code 1IR3) shows the difference in the c-phosphate conformation of ATP

bound to Rio2. The catalytic and metal-binding residues, as well as residues that interact with the c-phosphate are shown and labeled with

Rio2 numbering. The spheres show the positions of the metal ions. The residues that indicate the positions of the phosphorylated residues

for the PKA and insulin receptor tyrosine kinase peptide substrates are labeled P0.

Nucleotide–metal ion complexes of Rio2 N. LaRonde-LeBlanc et al.
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phoserine. The weak electron density observed for the

phosphoserine was insufficient for detailed modeling of

this component. Strong electron density was seen for

ADP and one of the Mn2+ cations (Fig. 2). Therefore,

one metal-binding site appears to be occupied only in

the presence of the c-phosphate. Although the struc-

tures of the enzyme in the presence of ATP and ADP

are very similar, with almost no movement of the

N-lobe and C-lobe relative to each other, specific resi-

due movements are observed. In particular, His126

and Thr127, ordered in the presence of ATP, are disor-

dered in the presence of ADP (Fig. 4A). A weak den-

sity that we interpreted as belonging to phosphoserine

suggests a position for the P0 site near the vacated

position of these two residues (Fig. 2B). This means

that, upon substrate binding, these residues may need

to move out of the way, acting like a ‘gate’, to allow

the approach of the substrate serine to the c-phosphate
of ATP. This is also observed in comparing the Rio2–

ATP–Mn complex with the previous structure of Rio2

soaked in AMPPNP (Fig. 4B). Analysis of a surface

representation of the active site with bound ATP or

ADP shows that the c-phosphate is completely buried

in the presence of ATP but not ADP, indicating a

requirement for such an opening to occur before cata-

lysis can take place (Fig. 4C,D). In addition, move-

ment of conserved Gln238 is observed in a comparison

of the two structures (Fig. 2). In the ATP–Mn com-

plex, the side chain amino group of Gln238 forms

hydrogen bonds to the backbone carbonyl oxygen of

catalytic loop and metal-binding loop residues His216

and Asp235 (Fig. 2A). In the presence of ADP,

Gln238 is rotated away from the active site and does

not interact with it (Fig. 2B). This relocation may be a

direct consequence of the movement of His126, which

packs against the aliphatic portion of Gln238 when

ATP is bound. Therefore, the movement of this por-

tion of the flexible loop may not only stabilize c-phos-
phate binding, but also result in the stabilization of the

metal-binding and catalytic loops through the inter-

actions with Gln238.

Rio2 autophosphorylates a conserved serine

of the disordered loop

We have previously shown that the Rio2 protein

becomes autophosphorylated during incubation of the

enzyme with [32P]ATP[cP], although the site of phos-

phorylation was not established [17]. Radiolabeled

Rio2 enzyme was now subjected to phosphopeptide

mapping and sequencing to determine the site at which

autophosphorylation occurs (Fig. 5). Phosphoamino-

acid analysis of radiolabeled Rio2 showed that only

serine residues were phosphorylated (Fig. 5A). Only a

single radioactive peptide peak was obtained after

HPLC separation of peptides obtained from complete

digestion with Lys-C, an enzyme that cleaves peptide

bonds C-terminal to lysine residues (Fig. 5B). This

result suggests that autophosphorylation of Rio2 is

limited to a single site. Phosphopeptide sequencing of

Fig. 4. Conformational changes in Rio2

upon ATP binding. (A) Alignment of the

ATP-bound (blue) and ADP-bound (green)

Rio2 structures showing the active-site

loops and the nucleotides. (B) Alignment of

the ATP-bound Rio2 structure with the

previously reported AMPPNP (gray) complex

(PDB code 1TQM). (C) A surface view of

the active site bound to ADP (blue) with

ATP (green) aligned. (D) A surface view of

the active site bound to ATP (green)

showing the aligned AMPPNP molecule.

N. LaRonde-LeBlanc et al. Nucleotide–metal ion complexes of Rio2
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peptides resulting from Lys-C digestion, as well as

from proteolysis by Glu-C, an enzyme that cleaves

C-terminal to glutamic acid residues, indicated that the

radiolabeled amino acid was released after the 5th and

12th cycle, respectively (Fig. 5C,D). Analysis of the

sequence of AfRio2 indicated that autophosphoryla-

tion at Ser128 is the only possibility consistent with

these data. As shown in Fig. 1, a segment consisting of

18 amino acids (residues 127 through 143), presumably

forming a large loop, is disordered in the Rio2–ATP

complex. In the absence of the c-phosphate, two more

residues, 126 and 127, become disordered, thus Ser128

is not directly observed in any of the structures. How-

ever, this residue is directly adjacent to the part of the

loop that changes conformation in response to ATP

binding. Analysis of the conservation of this residue

among Rio2 homologs shows that not only Ser128,

but also the surrounding residues are highly conserved,

and, among the eukaryotic homologs, the only vari-

ation is a cysteine in the Drosophila melanogaster Rio2

(Fig. 5E).

Discussion

The structures of Rio2 with bound Mn–ATP and Mn–

ADP presented here indicate that significant changes

must occur in Rio2 proteins in order for them to bind

a nucleotide in a productive fashion. The large extent

of these movements prevented their occurrence within

the confines of the crystal. Therefore, when the nucleo-

tide was soaked in, it bound in the active site in a non-

physiological manner that precluded binding of the

metal ions. However, when binding of the ATP took

place in solution, the process was accompanied by

creation of metal-binding sites. In other words, the

binding of metal ions appears to be secondary to the

correct positioning of the phosphates in the active site.

When these groups are incorrectly positioned, as in the

case of the AMPPNP complex obtained by soaking of

A

B

C

D

E

Fig. 5. Autophosphorylation of Rio2 on Ser128. (A) Phosphoamino-

acid analysis of phosphorylated Rio2. The positions of the ninhyd-

rin-stained standards are indicated on the autoradiogram of the

AfRio2 sample by open circles, labeled for each phosphoamino

acid. (B) Radioactivity levels of HPLC fractions after cleavage with

Lys-C protease. (C) Phosphopeptide sequencing of the labeled Lys-

C peptide of Rio2. The Lys-C cleavage site is indicated by an arrow

in the inset sequence corresponding to residues 215–244 of

AfRio2. The residue eluted after the 5th cycle is indicated by an

asterisk. (D) Phosphopeptide sequencing of the labeled Glu-C pep-

tide of Rio2. The Glu-C cleavage site is indicated as in (C). The resi-

due eluted after the 12th cycle is indicated by an asterisk. (E)

Conservation of the autophosphorylation site of Rio2. The phos-

phorylated serine is highlighted by the blue box.

Nucleotide–metal ion complexes of Rio2 N. LaRonde-LeBlanc et al.
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pregrown crystals, binding of the metal ions does not

occur. The structure of the Mn–ATP complex also

reiterates the requirement of metal ions for the correct

positioning of residues important for catalysis.

The mode of binding of ATP in the active site of

Rio2 is unusual among protein kinases. The c-phos-
phate of the ATP is in a different position in Rio2

from in serine ⁄ threonine and tyrosine ePKs. In serine

ePKs, the c-phosphate is exposed and accessible. In

Rio2, the interaction of the c-phosphate with His126

and the interaction of the second metal ion with

Glu103 results in a conformation in which there is no

direct access to the c-phosphate. Therefore, we believe

that in order for phosphotransfer to take place, the

loop that includes His126 must move to allow access

of the serine (which will occupy the P0 substrate-bind-

ing site) to the active site. Although in the absence of

a productive complex with a substrate or substrate

analog we are still unable to create a detailed model of

the binding of a substrate peptide to the enzyme, we

believe that a site for the modified serine is created

through movement of the loop containing His126,

Thr127, and Ser128. This assumption is supported by

the fact that this region is very dynamic, as shown by

its disorder when no c-phosphate is present (in apo

and ADP structures). The probable P0 position which

is marked in Fig. 6 is based on the weak electron den-

sity observed in the Rio2–ADP–Mn structure, which

we attribute to the binding of phosphoserine. This den-

sity was insufficient to model the complete modified

amino acid, but significantly too large to be accounted

for by water molecules.

The positioning of the c-phosphate in Rio2 places

the proposed kinase catalytic base, Asp218, too far

away to be able to participate directly in phosphoryl

transfer. Whereas the distance between the carboxyl

oxygen of the Asp and the phosphorus atom is

� 3.6 Å in PKA, this distance is nearly 5.8 Å in Rio2.

This raises the possibility that the conformation of the

nucleotide seen in the structure of the ATP–Rio2 com-

plex may still not correspond to the final, productive

one. However, the presence of three interactions

through the phosphate oxygens with conserved resi-

dues argues strongly that the observed position of the

c-phosphate should indeed be functional. In addition,

our recently determined structure of the AfRio1–ATP–

Mn complex (unpublished) shows that the c-phosphate
adopts a similar orientation, lending support to the

idea that this might be an RIO kinase-specific feature.

If indeed the c-phosphate is positioned ready for cata-

lysis, the altered positioning would support our pre-

viously advanced hypothesis that Rio2 binds its

substrate in a distinct manner compared with ePKs,

based on the seeming lack of known substrate-binding

loops in Rio2. However, this would not explain the

role of Asp218 in catalysis in the Rio2 proteins. It has

been shown that mutation of this residue produces a

largely inactive yeast Rio1 enzyme, but a partially act-

ive yeast Rio2 [8]. Our unpublished data for A. fulgi-

dus Rio1 also show a significant decrease in

autophosphorylation activity when the catalytic Asp is

mutated to Ala.

The site at which autophosphorylation occurs is

highly conserved, as are the residues surrounding it.

This degree of conservation suggests that Rio2 proteins

specifically autophosphorylate at this sequence and

that specific residues in the kinase domain recognize

the phosphorylation site. Therefore, despite the lack of

subdomains responsible for substrate interactions in

ePKs, specific substrate recognition probably does

occur in RIO proteins. Our previous analysis of the

conserved surface residues of Rio2 indicated a large,

conserved surface surrounding its active site. This led

to the postulate that Rio2 may recognize a protein sur-

face, rather that just a peptide. Although this may still

hold, the presence of the modified serine in a flexible

loop allows the possibility that Rio2 may recognize an

extended peptide. Studies are presently under way to

determine the structural elements necessary for Rio2–

peptide substrate interactions.

Fig. 6. Possible P0 position of Rio2 peptide substrate. A transpar-

ent electrostatic surface representation of the Rio2 active site from

the Rio2–ADP–Mn complex is shown, with the ATP molecule from

the Rio2–ATP–Mn complex modeled in through alignment of the

two structures (red is negative, blue is positive). The green mesh

(mostly occluded in a cavity underneath Glu103) is the remaining

positive density observed in the Rio2–ADP–Mn active site, con-

toured at 3r. The arrow indicates the suggested position of the

serine that is being phosphorylated.
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The autophosphorylation of a serine residue so close

to the segment of the molecule that interacts with the

c-phosphate suggests a regulatory role for this phos-

phorylation site. Phosphorylation at this site could

change the manner in which this part of the loop

responds to ATP binding and thus regulate the activity

of the molecule. More studies are required to test the

importance of this site to the function of Rio2. If it is

indeed the case that this serine is important for the

regulation of the enzymatic activity, this may indicate

that the activation or ‘APE’ loops of canonical serine

kinases are substituted by the flexible loop seen in the

RIO kinases.

Experimental procedures

Crystallization of Rio2–ATP–Mn and

Rio2–ADP–Mn

The full-length recombinant Rio2 was prepared for crystal-

lization as previously described [17]. In order to cocrystallize

Rio2 with nucleotide substrates, the protein solution was

diluted twofold with crystallization buffer including 40 mm

ATP or ADP and 40 mm MnCl2. In the case of the ADP

complex, 40 mm phosphoserine was also present. The

protein was subsequently concentrated to the original vol-

ume, resulting in the final 20 mm concentration of ATP,

ADP, phosphoserine, and MnCl2. The crystals were grown

by hanging drop vapor diffusion in 1-mL wells containing

5–12% poly(ethylene glycol) 900 and 100 mm sodium phos-

phate ⁄ citrate buffer, pH 3.6–4.1. Crystals grew large enough

for X-ray diffraction studies after 4–5 days at 20 �C.

Data collection and processing

Crystals were flash frozen in mother liquor containing 20%

ethylene glycol. Diffraction data were collected at 100 K

with a MAR300 CCD detector at the SER-CAT beamline

22-ID, located at the Advanced Photon Source, Argonne

National Laboratory (Argonne, IL, USA). All data were

integrated and merged using HKL2000 [20]. Table 1 con-

tains details on data statistics for all data sets.

Structure determination and refinement

The structures were solved by molecular replacement using

as a search model the previously described structure of

Rio2, utilizing the program molrep within the CCP4 pro-

gram suite [21]. arp ⁄warp [22] was used to perform auto-

matic model building using the phases obtained from

molecular replacement. The ligands were placed in the

models and the structures were finalized by rebuilding in

xtalview [23] and refinement with refmac5 [24]. Rfree was

monitored by using 5% of the reflections as a test set for

each structure. The refinement statistics are provided in

Table 1. The final coordinates and structure factors have

been submitted to the Protein Data Bank (accession codes

1ZAO for the AfRio2–ATP–Mn and 1ZAR for AfRio2–

ADP–Mn). The figures that depict the structures of Rio2

were created using pymol [25]. In Fig. 6, the program apbs

(adaptive Poisson–Boltzmann solver) was used as a pymol

plug-in to generate and display the electrostatic surface

[26].

Radiolabeling of AfRio2

To produce radiolabeled AfRio2 in order to determine its

autophosphorylation site(s), the enzyme was incubated for

90 min at 40 �C in the presence of 32P-labeled ATP. The

reaction buffer contained 50 mm NaCl, 50 mm Tris ⁄HCl,

pH 7.5, and 20 lCi [32P]ATP[cP] with 2 mm MgCl2. All

reactions contained 60 lg of the enzyme. Half of the reac-

tion mixtures were run in each lane (30 lg protein) of a

NuPAGE 4–12% Bis-Tris denaturing gel (Invitrogen, Carls-

bad, CA, USA) for 1 h at 120 V. The labeled protein was

then transferred on to Invitrolon P (Invitrogen) membrane

using Xcell Blot II apparatus (Invitrogen) as per the manu-

facturer’s instructions. The resulting membrane was used to

expose a film for 30 min to determine the position of the

labeled bands, and the bands were cut out for phospho-

amino-acid analysis and phosphopeptide mapping and

sequencing.

Phosphoamino-acid analysis

A portion of the membrane was hydrolyzed in 200 lL 4 m

HCl at 110 �C for 1.5 h. Phosphoamino-acid standards

were added and the solution was lyophilized. The contents

were redissolved in electrophoresis buffer (acetic acid ⁄
formic acid ⁄water, 15 : 5 : 80, v ⁄ v ⁄ v) and applied to

20 · 20 cm cellulose TLC plates. The plate was electro-

phoresed at 1500 V for 40 min then rotated 90 � and

subjected to chromatography overnight using 0.5 m

NH4OH ⁄ isobutyric acid (30 : 50, v ⁄ v). The plate was dried

and sprayed with ninhydrin to localize the phosphoamino-

acid standards. Radioactivity was detected and visualized

with a Typhoon model 9200 phosphoimager (Amersham

Biosciences, Little Chalfont, Bucks, UK).

Phosphopeptide mapping

The membrane was cut into small pieces and washed

sequentially with methanol, distilled water, and then

blocked with 1.5% PVP-40 in 100 mm acetic acid. Mem-

branes were digested with either Glu-C or Lys-C proteases

(Roche, Indianapolis, IN, USA) in 50 mm NH4HCO3, pH

8, overnight. Supernatants containing released peptides

were removed, adjusted to pH 2 with 20% (v ⁄ v) aqueous
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trifluoroacetic acid and subjected to RP-HPLC on a Waters

(Milford, MA, USA) C18 column (3.9 · 300 mm). The col-

umn was developed with a gradient of 0–30% (v ⁄ v) aceto-
nitrile in 0.05% (v ⁄ v) aqueous trifluoroacetic acid over

90 min at a flow rate of 1 mLÆmin)1. Fractions of volume

1 mL were collected and counted for 32P in a Beckman

(Fullerton, CA, USA) 6500 liquid-scintillation counter [27].
32P-labeled peptides were coupled to Sequalon disks and

subjected to solid-phase Edman degradation with a model

492 Applied Biosystems (Foster City, CA, USA) peptide

sequencer. Cycle fractions were collected on to Whatman

(Florham Park, NJ, USA) #1 paper discs, and radioactivity

was quantitated using a Typhoon (Amersham Biosciences,

Little Chalfont, Bucks, UK) phosphoimager.
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